Testing The Light Dark Matter Hypothesis With AMS 



Dan Hooper 1 ' 2 and Wei Xue 3 

1 Theoretical Astrophysics Group, Fermi National Accelerator Laboratory, Batavia, IL 60510 
2 Department of Astronomy and Astrophysics, University of Chicago, Chicago, IL 60637 
3 Department of Physics, McGill University, 3600 Rue University, Montreal, Quebec, Canada H3A 2T8 

(Dated: October 5, 2012) 

The spectrum and morphology of gamma-rays from the Galactic Center and the spectrum of 
synchrotron emission observed from the Milky Way's radio filaments have each been interpreted 
as possible signals of ~7-10 GeV dark matter particles annihilating in the Inner Galaxy. In dark 
matter models capable of producing these signals, the annihilations should also generate significant 
fluxes of ~7-10 GeV positrons which can lead to a distinctive bump-like feature in local cosmic ray 
positron spectrum. In this letter, we show that while such a feature would be difficult to detect with 
PAMELA, it would likely be identifiable by the currently operating AMS experiment. As no known 
astrophysical sources or mechanisms are likely to produce such a sharp feature, the observation of 
a positron bump at around 7-10 GeV would significantly strengthen the case for a dark matter 
interpretation of the reported gamma-ray and radio anomalies. 



PACS numbers: 95.35. +d, 98.70.Sa, 96.50.S 

Dark matter particles annihilating in the halo of the 
Milky Way can potentially lead to enhanced quantities 
of antimatter in the cosmic ray spectrum. PAMELA'S 
observation of a rising cosmic ray positron fraction (de- 
fined as the ratio of positrons-to-positrons plus electrons) 
between ~10-100 GeV [T] generated a great deal of excite- 
ment focused around this possibility. In the light of more 
recent measurements of the cosmic ray electron spectrum 
from Fermi and HESS [2J [3] , as well as constraints such 
as those from cosmic ray antiprotons however, it now 
appears more likely that the observed rise is the product 
of astrophysical phenomena, such as nearby pulsars [5J |B]. 

We are eagerly awaiting the first science results of 
the Alpha Magnetic Spectrometer (AMS-02) experiment. 
AMS will measure with unprecedented precision many of 
the components of the cosmic ray spectrum between ap- 
proximately 100 MeV and 1 TeV. In particular, with its 
much larger acceptance than PAMELA (^0.045 m 2 sr vs. 
^0.002 m 2 sr) and its high level of proton rejection, AMS 
is expected to measure the cosmic ray positron and an- 
tiproton spectra in far greater detail than was previously 
possible. Furthermore, by providing better measure- 
ments of various cosmic ray secondary-to-primary ratios 
(such as boron-to-carbon and beryllium- 10-to-beryllium- 
9), AMS will be able to much more tightly constrain the 
underlying diffusion model [7] and thus improve our abil- 
ity to predict the spectra of cosmic ray antimatter that 
may result from dark matter annihilations in the galactic 
halo. 

Dark matter particles which annihilate mostly to 
quarks or gauge bosons yield a largely featureless spec- 
trum of positrons which, after accounting for the effects 
of cosmic ray propagation, are likely to be difficult to 
separate from other sources of cosmic ray positrons. This 
is exacerbated by the large flux of (likely astrophysical) 
high energy positrons observed by PAMELA (and sub- 
sequently by Fermi |8J. A different conclusion can be 
reached, however, in cases in which the dark matter parti- 
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cles annihilate directly to electron-positron pairs, leading 
to a sudden edge-like feature in the cosmic ray positron 
spectrum at an energy equal to the mass of the anni- 
hilating WIMP [SJ. Such a feature could plausibly go 
unidentified by PAMELA, while being readily detectable 
with AMS. 

Recently, an intriguing body of evidence has accu- 
mulated in favor of relatively light dark matter par- 
ticles which annihilate largely to leptons, including to 
e + e~ [10] . In particular, the spectrum and angular dis- 
tribution of gamma-rays observed from the region sur- 
rounding the Galactic Center can be well fit by a 7-10 
GeV dark matter particle, distributed with a cusped halo 
profile, and annihilating to leptons with a cross section 
on the order of av ~ 10 -26 cm 3 /s [TTl - fT3] . The same 
dark matter model (particle and distribution) can also 
naturally explain the peculiar radio emission observed 
from the Milky Way's radio filaments [14] , and could ac- 
count for much or most of the Milky Way's synchrotron 
haze |15jj^| In this letter, we show that in scenarios in 
which dark matter explains these signals, one expects 
AMS to observe a distinctive feature at around 7-10 GeV 
in the cosmic ray positron spectrum (and positron frac- 
tion), although such a feature would likely be unresolv- 
able by PAMELA. 

We begin by considering a simple phenomenological 
dark matter model that is capable of explaining the afore- 
mentioned gamma-ray and radio signals. In particular, 
we consider a model in which the dark matter consists 
of a 7-10 GeV particle which annihilate democratically 
to charged lepton pairs. The decays of the tau-leptons 



Direct detection anomalies reported by DAMA/LIBRA, Co- 
GeNT, and CRESST may also be able to be explained by the 
same 7-10 GeV dark matter candidate, although this has little 
bearing on the results of this study (see Ref. |16| and references 
therein). 
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FIG. 1. Left: The contribution to the local cosmic ray positron spectrum from 10 GeV dark matter particles annihilating 
democratically to charged lepton pairs, neglecting the effects of solar modulation. Center: The cosmic ray positron fraction 
predicted in this model compared to the measurements of PAMELA, including astrophysical backgrounds from secondary 
production and a nearby pulsar, and including the effects of solar modulation. The dashed blue line denotes the contribution 
from dark matter annihilations. Right: The projected ability of AMS to measure the cosmic ray positron fraction in this 
scenario. The distinctive feature at an energy equal to the dark matter mass can clearly be identified by AMS. In each frame, 
we have adopted a generalized NFW profile with an inner slope of pdm oc r -1 ' 2 and an annihilation cross section chosen to 
match the gamma-ray and radio signals observed from the inner Galaxy (av — 4.5 x 10 -27 cm 3 /s). See text for more details. 



produce a gamma-ray spectrum consistent with that ob- 
served from the Galactic Center [TT], while the electrons 
and positrons generate the synchrotron emission from the 
observed radio filaments 14 . For possible realizations of 
such phenomenological features within a particle physics 
model, see Ref . [T7] . To accommodate the observed mor- 
phology of gamma-ray and synchrotron emission from the 
Inner Galaxy, we adopt a dark matter distribution which 
follows a generalized NFW profile with an inner slope of 
Pdm oc r~ 12 and a scale radius of 20 kpc. To normalize 
these signals, we adopt an annihilation cross section of 
av = 4.5 x 10~ 27 cm 3 /s and a local dark matter density 
of 0.4 GeV/cm 3 . 

Once injected into the halo, electrons and positrons dif- 
fuse through the Galactic Magnetic Field, steadily losing 
energy through a combination of inverse Compton scat- 
tering and synchrotron losses. To determine the cosmic 
ray spectrum as observed at the Solar System, we solve 
the standard propagation equation (using the publicly 
available code GALPROP): 
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where ip(r,p,t) is the number density of a given cosmic 
ray species per unit momentum, and the source term 
Q(r,p) includes the products of the decay and spalla- 
tion of nuclei, as well as any primary contributions from 
supernova remnants, pulsars, dark matter annihilations, 
etc. D xx is the spatial diffusion coefficient, which is 
parametrized by D xx = (3D$ xx (p/AGV) s , where (3 and p 
are the particle's velocity and rigidity, respectively. Also 
included in this equation are the effects of diffusive reac- 
celeration, convection, and radioactive decay |18j . The 
contribution to the source term, Q(r,p), from dark mat- 
ter is simply determined by the flux of annihilation prod- 
ucts injected into the halo. In our calculations, we adopt 
Dq xx = 5.25x 10 28 cm 2 /s and apply free-escape boundary 



conditions at 4 kpc above and below the Galactic Plane. 
These choices lead to boron-to-carbon and antiproton-to- 
proton ratios that are consistent with observations. 

For the electron/positron energy loss rate, we include 
contributions from the default GALPROP radiation field 
model, and from a magnetic field model described by 
B = 7pG exp(— r/lOkpc) exp(— \z\/2 kpc), where r and z 
describe the location in galactic (cylindrical) coordinates. 

In the left frame of Fig. [T] we show the contribution to 
the local cosmic ray positron spectrum from dark matter 
annihilations. Note the sudden drop in the cosmic ray 
positron flux at 10 GeV (corresponding to the mass of 
the dark matter particle). The dark matter contribution 
to the flux of positrons at energies just below the edge 
can be calculated analytically and is given by [§]: 
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where a e + e ~v is the dark matter annihilation cross sec- 
tion to electron-positron pairs, Pdm is the local density 
of dark matter, and dE e /dt is the local energy loss rate of 
electrons/positrons from synchrotron and inverse Comp- 
ton scattering. This energy loss rate can be written in 
terms of the local densities of radiation and magnetic 
fields: 
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Combining these two equations, and for a local energy 
density in radiation and magnetic fields of 1.4 eV/cm 3 , 
this predicts a positron flux at the dark matter's mass of 
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As we will 



demonstrate, this sudden drop will lead to a distinctive 
feature in the positron fraction, likely observable to AMS. 

To evaluate the prospects for observing such a con- 
tribution to the cosmic ray positron spectrum, we must 
consider the relevant astrophysical backgrounds, as well 
as the effects of solar modulation. In our analysis, we will 
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FIG. 2. As in Fig. [T] for the case of dark matter particles which annihilate to a pair of 200 MeV gauge bosons (which then 
decay to electron-positron pairs). Again, the annihilation cross section has been chosen to match the gamma-ray and radio 
signals observed from the inner Galaxy (av — 6.6 x 10 -27 cm 3 /s). 



adopt a simple background model which includes contri- 
butions to the cosmic ray positron spectrum from both 
secondary production (ie. positrons from the interactions 
of cosmic ray protons) and from a nearby pulsar. In par- 
ticular, we consider the Geminga pulsar which is located 
157 parsecs from the Solar System and is 370,000 years 
old. We assume this pulsar to have injected a spectrum 
of positrons and electrons of the form, Q oc E^ 1 - 55 . We 
follow Ref. [5] in determining the flux of positrons and 
electrons at the Solar System from this pulsar and add 
this to the contribution predicted from secondary pro- 
duction, as obtained using GALPROP. 

As cosmic rays enter the Solar System, they are further 
impacted by solar winds and the helioshperic magnetic 
field. These effects can be modeled by a charge-sign de- 
pendent effective potential, $ = (eZ/A)4>±, where Z and 
A are the charge and atomic number of the cosmic ray 
species [T5ll21| . We adopt a modulation potential de- 
scribed by = 400 MV and </>_ = 180 MV. Note that 
while the effective modulation potential is expected to 
vary with time within the solar cycle, we use the same val- 
ues of 4>± for AMS projections as we did for the PAMELA 
case. As such variations will only smoothly alter the cos- 
mic ray positron spectrum and will not induce any dis- 
tinctive features, this simplifying assumption should not 
significantly impact our conclusions. 

In the center frame of Fig. [I] we show the resulting 
positron fraction and compare this to that measured by 
PAMELA. Note that although the dark matter annihi- 
lation products do lead to a bump in the positron spec- 
trum at about the mass of the WIMP, this feature is 
modest enough to likely go unidentified by PAMELA. 
In the right frame of the same figure, we project the 
ability of AMS to measure such a feature in the cos- 
mic ray positron fraction. To project the error bars for 
AMS, we follow Ref. [22]. In particular, we convolve the 
spectrum of the positron fraction with an energy resolu- 
tion of AE/E = y / (0.106/ v /i;(GeV)) 2 + (0.0125) 2 (cor- 
responding to about 3.5% at 10 GeV), an ability to reject 
protons from positrons at the level of 3 x 10 5 [23], and an 
acceptance of 0.045 m 2 sr. And while we have calculated 
our error bars for 1000 days of data taking, the system- 
atic rather than statistical errors dominate the results. 



In the insert of the right frame of Fig. [T] we focus in 
on the energy range around the feature, and bin the pro- 
jected data more finely in this region. We find that AMS 
should be able to clearly identify the presence of such a 
bump-like feature. Interestingly, unlike more smoothly 
varying contributions to the positron fraction, it would 
be challenging to attribute such a sudden change in the 
positron fraction to astrophysical sources or mechanisms. 
Instead, the observation of such a sudden drop would re- 
quire the injection of a nearly mono-energetic spectrum 
of positrons in the local region of our galaxy. And while 
this is very unexpected from astrophysical sources, dark 
matter annihilating directly to electrons and positrons 
would be generically expected to produce such a spectral 
feature. 

So far, we have considered dark matter candidates 
which annihilate directly to electron positron pairs a sig- 
nificant fraction of the time. And while we have demon- 
strated that such models lead to a distinctive feature that 
would likely be observable to AMS, we can also consider 
other dark matter models capable of producing the ob- 
served gamma-ray and synchrotron signals from the in- 
ner Galaxy that may be more difficult to observe with 
AMS. More specifically, we will also consider a model in 
which the dark matter annihilates to a pair of light gauge 
bosons, (j>, which then decay to Standard Model leptons 
and mesons through a small degree of kinetic mixing with 
the photon [24TI2S] . Such a scenario, which we will refer 
to as the dark forces model, was shown in Ref. [27] to 
be able to produce the observed gamma-ray and syn- 
chrotron signals. For concreteness, we will consider a 
value of rritf, = 0.2 GeV. For this choice, the gamma-rays 
from final state radiation lead to a signal compatible with 
that observed from the Galactic Center, while the decays 
to e + e~ provide the synchrotron signal from the radio 
filaments. 

In Fig. [2] we show the resulting cosmic ray positron 
spectrum and positron fraction that results in this dark 
forces model. Here we have used slightly different solar 
modulation parameters (</>+ = 310 MV, 0_ = 20 MV) 
in order to obtain a good fit to the positron fraction ob- 
served by PAMELA. In this case, the four body final state 
that results from DM DM —> cjxfr — >• e + e~e + e~ leads to a 
somewhat softer spectral feature, without the sharp edge 
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found in the previous case. Even in this more difficult 
model, however, the positron bump that is generated at 
~5-8 GeV should be discernible by AMS. We note, how- 
ever, that if we had chosen a larger value of m^, a smaller 
fraction of the total annihilation power would have gone 
into electrons/positrons, reducing the magnitude of this 
feature. For this reason, AMS will likely only be sensitive 
to the dark forces model for values of less than 1 GeV 
or so. 

In summary, we have demonstrated that if dark matter 
annihilations are responsible for the anomalous gamma- 
rays observed from the Galactic Center and the syn- 
chrotron emission observed from the Milky Way's radio 
filaments, then dark matter annihilations taking place 
in the local halo should also produce a distinctive fea- 
ture in the cosmic ray positron fraction at an energy of 
around 7-10 GeV. While such a feature would be difficult 
to resolve with PAMELA, the currently operating AMS 
experiment should be capable of clearly identifying it. 

The presence of a sudden bump-like feature in the cos- 
mic ray positron fraction would be difficult to attribute 
to astrophysical phenomena. In particular, in order to 
generate such a feature, a source of cosmic ray positrons 



would have to be located within a kiloparsec or less of 
the Solar System and inject an approximately mono- 
energetic spectrum of positrons. While this is not ex- 
pected from any class of astrophysical sources or mech- 
anisms, dark matter particles annihilating to electron- 
positron pairs are generically predicted to generate such a 
feature. If data from AMS reveals a feature in the cosmic 
ray positron fraction similar to that described in this let- 
ter, this would be most easily interpreted as evidence for 
dark matter particles annihilating to electrons/positrons, 
and would further strengthen the case for a dark matter 
interpretation of the gamma-ray and synchrotron signals 
observed from the Inner Galaxy. 
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